ABSTRACT. In situ ultrasonic methods for structural health monitoring have the potential to provide early detection of fatigue cracks in aircraft components, specifically cracks initiating from fastener holes. A dual angle beam technique based upon an incident shear wave and a spiral creeping wave propagating around the hole has been shown to be a viable configuration for monitoring of fastener hole cracks. This technique takes advantage of the interference of the creeping wave with cracks opening and closing under load, and the ratio of received energy under a reference load to that under no load is monitored for crack detection and sizing. While prior work with this method has been very promising, transducer placement can significantly influence its performance. Here we consider the effect of transducer placement on the sensitivity of the energy ratio algorithm, using the observed location of cracking to guide placement of transducers. Ray path analysis is performed for determining the optimum transducer locations. Several experiments are performed using these new locations, and results are compared to those obtained using the previous mounting locations. The results with the new transducer placement show increased sensitivity and earlier detection.
INTRODUCTION
Fatigue cracks initiating from fastener holes have been studied extensively due to their importance in determining the remaining life of aerospace structures. Currently, the maintenance of many airframes is based on statistical modeling of crack growth with an assumed initial crack size [1] . This methodology does not take into account in situ crack measurements, relying on engineering safety factors to ensure cracking is not able to progress to catastrophic failure between inspections. In situ monitoring of fatigue cracks has the potential to provide better protection against unexpected large cracks reducing the strength of structures and also to allow for longer service life of components where some damage is present when the component would previously have been retired [2, 3] .
Previous work by the authors has shown that a dual angle beam ultrasonic technique can detect fastener hole cracks with depths as small as 0.01 in. [4, 5] . This paper examines the relationship between transducer placement and crack detection for this method. Transducer mounting is optimized so that the center of the beam path goes through the most probable location of crack formation, and detection results are compared to those obtained previously.
FATIGUE TESTS AND TRANSDUCER MOUNTING
Fatigue specimens were 7050-T6 aluminum, two-hole rectangular coupons of dimensions 14 in. x 1.868 in. x 0.225 in. The two holes are in the center of the sample, spaced 0.868 in. apart, with diameters of 0.190 in., where the two holes act as stress risers for crack formation. The holes are far enough apart that each can be considered independently in terms of crack growth and ultrasonic measurements. The samples were fatigued with a purely tension fatigue spectrum of repeated blocks of 2640 cycles, where a portion of the spectrum is shown in Figure 1 . The fatigue rate was 5 Hz with the fatigue process being interrupted every half block, or 1320 cycles, for the ultrasonic measurements. The samples were fatigued until just before failure, as determined by the ultrasonic response.
The existing ultrasonic monitoring method uses a pair of 10 MHz, 70° shear wave (in steel) transducers in a through transmission configuration on opposite sides of the hole with the direction of propagation along the loading axis, as shown in Figure 2 . Cracks grow perpendicularly to the loading direction, allowing this transducer configuration to maximize the effect of the crack on the ultrasonic waveform. The mounting procedure is as follows:
1. Determine the transmitter position that balances the first two pulse echo corner reflections from the hole (half and full V paths) when aimed at the hole apex.
2. Balance the incident energy on the hole by moving the transmitter half of the hole diameter toward the hole; glue in place with high strength five-minute epoxy.
3. Adjust the receive transducer axially so that the first and second arrivals of the through transmission signal are approximately equal in amplitude, and adjust it transversely to minimize the amplitude; this location ensures balanced interrogation of the hole.
This procedure results in the angle beam paths shown in Figure 3 . 
ANALYSIS ALGORITHM
An energy ratio metric was developed previously by the authors. It is based upon calculating the ratio of signal energies from samples under tensile loading to their unloaded counterparts, and is thus a measure of the change in ultrasonic response under load. In order to form the energy ratio, the energy of each received signal is calculated as,
where w^x x is the waveform at block b and xx loading, sampled at 125 MHz, and t\ and t 2 define the window of interest encompassing the first two arrivals of the through-transmission signal. The values of t\ and t 2 are determined from the unloaded, unfatigued waveform, and each subsequent waveform is cross-correlated to this reference waveform to shift the windows, thus compensating for time shifts as the sample is loaded. The energy ratio, ER(b), is calculated from signals recorded under 10,000 lbs. of load and zero load,
An example of an energy ratio curve is shown in Figure 4 . This curve is analyzed by visually determining the break point separating the pre-crack and post-crack sections, which is approximately block 22 for this example.
OPTIMIZATION OF TRANSDUCER MOUNTING
The primary motivation for considering a different transducer mounting is the fact that cracks are most likely to initiate in the middle of the hole. The current transducer mounting is symmetrical between the transmitter and receiver, as illustrated in Figure 3 , and the receiver is not located along the centerline of the incident beam. The hypothesis considered here is that better detection sensitivity can be obtained by moving the receiver to coincide with one of the V path reflections from the center of the incident beam (dashed line in Figure 5 ).
The path of wave propagation between the two transducers is for the shear wave incident on the surface of the hole to mode convert to a leaky Rayleigh-like wave, or creeping wave, as described in [6, 7] . This creeping wave radiates energy tangentially out from the hole surface, where it mode converts back into a propagating shear wave. At some point beyond the location of probable crack formation at the 3 and 9 o'clock positions, a portion of the reradiated energy will propagate to the receiver.
The important consideration when determining the receiver location is that the placement of the receiver determines the path of the ultrasonic energy for inspection. By varying the receiver, it is possible to adjust the wave path, thus inspecting different regions of the hole. The previous mounting configuration, illustrated in Figure 3 , corresponds to interrogation along two separate wave paths, one reflecting from the top surface at the hole, and the other from the bottom. The drawback of this configuration is that the paths do not go through the center of the hole, which is where cracks are most likely to form.
Transducer ray paths are analyzed to determine the best location for a second receiver so that the old and new mounting locations can be directly compared for the same experiment. Referring to Figure 5 , receiver #1 is at the original location, and points A and B are candidate new locations. Since a transducer mounted at either point A or B physically interferes with receiver #1, the point on the bottom surface along the same ray path is selected as the receiver #2 location for these experiments. As can be seen from the ray paths, receiver #1 receives energy from the edges of the sound field along the single and double V paths, whereas receiver #2 receives energy from the center of the beam along the l| V path.
The mounting procedure for this configuration is primarily based upon distances rather than signals to ensure that the center of the hole surface is inspected regardless of the specific transducers used. These mounting distances are based upon the measured refracted angle and beam exit point for each individual transducer. For the transmitter position, the highest energy beam path, along refracted angle 6 t , passes through the center of the hole after a boundary reflection on the bottom surface of the sample. Therefore, the distance from the closest hole surface to the transmission point on the surface of the sample is xi = 1.5h tan (6 t 
) -d/2 -a u (3)
where h is the sample thickness, d is the hole diameter, and a t is the distance from the beam exit point to the front of the case of the transmitting transducer. The mounting point for receiver #2 is similarly determined as where 0 r2 is the refracted angle of the receiver and a r2 is the distance from the beam exit point to the front of the case of the receiving transducer. This calculation locates the receiver on the bottom surface of the sample. The mounting of receiver #1, corresponding to the original receiver location, is based on signals as before.
EXPERIMENTS
Prior to the start of fatiguing, transducers were mounted as per the calculated distances, specifically x\ for the transmitter and x 2 for the receiver. These distances are shown in Table 1 along with the measured refracted angles and transducer exit point offsets. Since there are two holes per sample, each test requires six transducers, one transmitter and two receivers per hole. In order to best compare experiments, the same transducers were used in the same positions for each test.
Six identical experiments were performed for a total of 12 holes. Each test was run until just before failure, meaning one of the holes is sure to have large crack(s), while the other six holes do not necessarily contain cracks. A total of seven holes were found to have cracking, with only one specimen having flaws on both holes. For the remaining five holes, either there was no cracking evident or the data were invalid for other reasons (e.g., a transducer disbond). Holes without evidence of cracking were not analyzed further.
RESULTS
In order to compare the two mounting locations, both qualitative and quantitative differences in received signals and detection results are examined. Figure 6 illustrates typical waveforms for the original mounting (transmitter to receiver #1) and the new mounting configurations (transmitter to receiver #2). There are three important differences,
• There is a single arrival for the new mounting as compared to two arrivals for the old mounting, resulting in simpler window definitions and time shift corrections.
• There is an approximate 17 dB increase in amplitude for the new mounting due to the transducers being aligned along the center of the beam.
• The coherent noise (i.e., unwanted signals) is significantly less for the new mounting.
These signal differences are important improvements of the new mounting compared to the original mounting arrangement. Another major difference with the new mounting can be seen from the energy ratio curves. As an example, Figure 7 shows energy ratio curves for both mounting methods. As can be seen, there is an approximate 2 block (5280 cycle) improvement for this hole using the new mounting configuration. Table 2 summarizes the point of defect detection, measured in blocks of fatigue cycles, for the original mounting location and the new configuration, as determined visually by the authors. As this table shows, of seven total holes, six of the corresponding energy ratio curves detected cracking earlier with the new mounting. Note that for the last hole in the table, cracking was not detected with the old mounting.
There are two tests where the new mounting did not perform as expected. For the first one, there is an approximate 18,000 cycle improvement using the new mounting, which is too much to be reasonable. Most likely the receive transducer for the new inspection method had a slight disbond, which affected the detection results. For the second test, the new mounting proved to be worse when compared to the original configuration. To explain this discrepancy, the actual crack shapes were examined. As can be seen in Figure 8 (left image), cracks on both sides of the hole were off-center, as compared to the right image, where there are on-center cracks. It is no surprise that the original mounting location, where the beam path is optimized for detection of defects at the extremes of the hole surface, resulted in earlier detection. The final comparison between the old and new mounting is to examine frequency specific differences. Typical frequency spectra for the new and old mounting, shown in Figure 9 , indicate that the old mounting configuration has reduced frequency content as compared to the new mounting. The increased bandwidth for the new configuration suggests that high pass filtering prior to calculating the energy ratio could lead to improved crack detection since shorter wavelength information would be considered. Figure 10 shows a comparison between full bandwidth data and high pass filtered data for one specimen, showing significantly earlier detection for the filtered curves. The fourth column in Table 2 summarizes detection results using only the energy above 12 MHz. It is noticeable that there was improvement in detection time for some experiments, but the results were not consistent; further investigation should be the subject of future work. It was not possible to consider high pass filtered data for the old mounting because of the reduced frequency content. holes has been designed and tested, demonstrating that a simple ray path model can provide valuable guidance regarding transducer placement.
2. The new receiver location consistently performed as well or better than the original location, with the one exception resulting from an atypical location for crack initiation.
3. Advantages of the new mounting configuration include higher amplitude signals, presence of only one strong echo arrival, reduced coherent noise, and a wider band frequency response, all contributing to improved detection performance. 
